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Spectroscopic methodThe interaction between the antimicrobial peptide gramicidin (Gr) and dipalmitoylphosphatidylcholine
(DPPC)/dioctadecyldimethylammonium bromide (DODAB) 1:1 large unilamellar vesicles (LVs) or bilayer
fragments (BFs) was evaluated by means of several techniques. The major methods were: 1) Gr intrinsic
ﬂuorescence and circular dichroism (CD) spectroscopy; 2) dynamic light scattering for sizing and zeta-potential
analysis; 3) determination of the bilayer phase transition fromextrinsicﬂuorescence of bilayer probes; 4) pictures
of the dispersions for evaluation of coloidal stability over a range of time andNaCl concentration. For Gr in LVs, the
Gr dimeric channel conformation is suggested from: 1) CD and intrinsic ﬂuorescence spectra similar to those in
triﬂuoroethanol (TFE); 2) KCl or glucose permeation through the LVs/Gr bilayer. For Gr in BFs, the intertwined
dimeric, non-channel Gr conformation is evidenced by CD and intrinsic ﬂuorescence spectra similar to those in
ethanol. Both LVs and BFs shield Gr tryptophans against quenching by acrylamide but the Stern–Volmer
quenching constant was slightly higher for Gr in BFs conﬁrming that the peptide is more exposed to the water
phase in BFs than in LVs. The DPPC/DODAB/Gr supramolecular assemblies may predict the behavior of other
antimicrobial peptides in assemblies with lipids.
© 2012 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
The soil bacterial species Bacillus brevis produces gramicidin as a
heterogeneous mixture of six peptides where gramicidins A, B and C,
make up 80%, 6%, and 14% respectively [1]. Gramicidins A, B and C are
collectively called gramicidin D (Gr). Gr contains linear pentadeca-
peptides with alternating L- and D-amino acid residues that can form
cation-selective ion-channels spanning across lipid membranes by
adopting a head-to-head β-helical dimer conformation in the bilayer
[2]. Despite its unusual backbone arrangement gramicidin has been
extensively studied as a model ion-channel [3,4]. Gramicidin contains
four tryptophans per monomer, which in the channel form of
gramicidin are positioned at the membrane interface and essential
for Gr native folding and function [5–7]. The regulation of Gr function
by the bilayer physical properties was recently reviewed [8]. Gr
channel function is directly related to membrane thickness [9,10].
Direct evidence of dimer channel formation by Gr has been obtained
in dimyristoylphosphatidylcholine (DMPC) bilayer from nitroxide
labeled Gr submitted to electron spin ressonance spectroscopy (ESR)
experiments [11]. This method clearly indicated the presence of Grto de Química-Física, Facultad
820436, Av. Vicuña Mackenna
ento de Bioquímica, Instituto
5513-970, São Paulo, SP, Brazil.
a),
evier OA license.pairs in the DMPC membrane with an interspin distance of 30.9 Å. No
such pairs were detected in the samples frozen from the Lβ phase of
dipalmitoylphosphatidylcholine (DPPC) [11]. The length of 30.9 Å
matches the hydrophobic thickness of the DMPC membrane but is
substantially shorter than the thickness of DPPC and 1,2-distearoyl-
sn-glycero-3-phosphocholine (DSPC). This hydrophobic mismatch
has been associated with the reduction in functional channels upon
increase in membrane thickness [10–13]. Curiously, artiﬁcial bilayers
of the cationic lipid dioctadecyldimethylammonium bromide (DODAB)
were successfully used to reconstitute the functional Gr dimeric channel
despite their 18 C chains in the gel phase at room temperature [14,15].
Recently, molecular dynamics simulations suggested interdigitated re-
gions in theDODABbilayerwith 2.9 nm thickness [16]. Thismight explain
the successful Gr incorporation in DODAB bilayers yielding all functional
aspects of the dimeric channel conformation [14,15].
On theother hand, DPPC/DODAB at amolar ratio of 1:1DPPC:DODAB
bilayers dispersed as large vesicles (LVs) were recently characterized
yielding very tightly packed bilayers in the rigid gel state with a mean
phase transition temperature at 55.2 °C [17]. Since Gr was reconstituted
in its functional channel form in the presence of DODAB bilayers but did
not occur as such in DPPC vesicles, there is an interesting issue to be
investigated regarding Gr conformation in DPPC/DODAB composite
bilayers. In this work, we prepare and characterize DPPC/DODAB/Gr
assemblies in form of large vesicles (LVs) or bilayer fragments (BFs) and
determine Gr conformation from ﬂuorescence and CD spectroscopy.
One should notice that BFs have been reported for a variety of
amphiphiles and lipids in aqueous dispersions over a broad range of
experimental conditions [18]. They were found from self-assembly
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[23,24], lipids and hydrophilic polymers such as polyethylene-glycol
lipids (PEGylated lipids) [25,26] or charged lipids [18,27–29]. The major
repulsive interactions preventing coalescence of lipid BFs and disks in
dispersion are electrostatic, steric and/or eletrosteric. In particular, probe
sonication of charged lipids at low ionic strength can yield disrupted
vesicles visualized as the bilayer fragments, BFs, or disks [18]. The
evidences for the existence of charged BFs at low ionic strength
are: (i) osmotic non-responsiveness of the dispersion indicative of
absence of inner vesicle compartment [30]; (ii) transmission electron
microscopy (TEM) micrographs with electronic staining [31]; (iii) cryo-
TEMmicrographs [28]; (iv) ﬂuid and solid state coexistence and complex
formation with oppositely charged surfactant [32]; (v) solubilization of
hydrophobic drugs at the borders of charged bilayer fragments, which
does not occur for the corresponding bilayer vesicles [33,34]. Lately,
charged BFs are ﬁnding interesting applications in drug and vaccine
delivery revealing their suitability to present antigens [35] or immunoes-
timulatory oligonucleotides [36]. In this work, the interaction between
cationic BFs and gramicidin is described.2. Material and methods
2.1. Materials
Dioctadecyldimethylammonium bromide (DODAB), dipalmitoyl-
phosphatidylcholine (DPPC), acrylamide and gramicidin D (Gr)
[Dubos] from B. brevis were obtained from Sigma Chemical Co.
(St. Louis, MO, USA) and used as such without further puriﬁca-
tion. Extrinsic ﬂuorescent probes 1, 6-diphenyl-1, 3, 5-hexatriene
(DPH), 6-dodecanoyl-2-dimethylaminonaphthalene (Laurdan) and 1-
palmitoyl-2-pyrenedecanoyl phosphatidylcholine (PyPC) were pur-
chased from Molecular Probes (Oregon, USA). DPH senses the inner
moieties of the lipid bilayer [37], Laurdan reports the hydrophobic/Table 1
Chemical structures of lipids, gramicidin A and ﬂuorescent probes.
Lipids, peptide or probes Chemical structure
Dipalmitoylphosphatidylcholine (DPPC)
Dioctadecyldimethylammonium bromide (DODAB)
Gramicidin A HCO-L-Val-Gly-L-Ala-D-Leu-
1,6-Diphenyl-1,3,5-hexatriene (DPH)
6-Dodecanoyl-2‐dimethylaminenaphthalene (Laurdan)hydrophilic interface [38]. Chloroform, ethanol and tetrahydrofurane
(THF) were from Merck Co. (Darmstadt, Germany) and employed to
prepare the stock solutions of lipids, Laurdan and DPH, respectively.
Triﬂuoroethanol (TFE) also from Merck was used to prepare the stock
solutions of Gr. All reagentswere analytical grade. All aqueous solutions
were prepared with Milli-Q water quality. Chemical structures for the
lipids, gramicidin A and the extrinsic ﬂuorescent probes are in Table 1.
2.2. Preparation of DPPC/DODAB 1:1 dispersions
Films of DPPC/DODAB 1:1 were prepared from stock chloroform
solutions by evaporating the solvent under N2 ﬂux. The ﬁlms remained
under vacuum overnight at room temperature to remove the residual
solvent. Vesicles were prepared by hydrating the ﬁlms with 15 mL of
1 mMNaCl aqueous solution at 70 °C and vortexing dispersions until they
became homogeneously dispersed. Final lipid concentration was 2mM.
This procedure yielded large and closed vesicles (LVs). Bilayer fragments
(BFs) were prepared by ultrasonic dispersion of the LV dispersion with a
macrotip probe (nominal output 80W; 10 s sonication time with 60 s
delay inbetween sonication times; 15 min total sonication time) as
previously described [31]. Thereafter, dispersions were centrifuged
(10,000 g/60 min/15 °C) to eliminate titanium particles ejected from
the titanium probe. The sonication procedure disrupts the LVs and
produces the open bilayer fragments. Analytical concentrations of the
lipids were determined either by bromide microtitration for DODAB
[39] or by inorganic phosphorous analysis for DPPC [40].
2.3. Preparation of DPPC/DODAB 1:1 dispersions with gramicidin
In order to prepare DPPC/DODAB/Gr dispersions, gramicidin (Gr)was
solubilized in TFE, added as an aliquot of this TFE solution to the
previously prepared LVs or BFs and themixture incubated for 1 h at 70 °C.
The ﬁnal molar ratio for all dispersions was 45:45:10 DPPC/DODAB/GrL-Ala-D-Val-L-Val-D-Val-L-Trp-D-Leu-L-Trp-D-Leu-LTrp-D-Leu-L-Trp-NHCH2CH2OH
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solvent concentration in lipid dispersions added of Gr stock solution was
less than 0.5% in volume.
2.4. Determination of the size distribution, the zeta-average diameter
and the zeta-potential for the dispersions
The size distribution, the particle size taken as the zeta-average
diameter (Dz), the polydispersity and the mean zeta-potential (ζ) in
the presence or absence of Gr were determined from dynamic light-
scattering (DLS) at 90° using the ZetaPlus-ZetaPotential Analyzer
(Brookhaven Instruments Corporation, Holtsville, NY) equipped with
a 570 nm laser. The mean diameters were obtained by ﬁtting data to
log-normal size distributions, a procedure that does not discriminate
between one, two, or more different populations and considers all the
scatteringparticles as belonging to one singleGaussianpopulation.On the
other hand, for the size distribution data, ﬁtting was performed by the
apparatus software using the non-negatively constrained least squares
(NNLS) algorithm,which always ﬁts the size distribution as amultimodal
one [41]. The zeta-potential (ζ) was determined from the electrophoretic
mobility (μ) in 1 mM NaCl solution and the Smoluchowski's equation:
ζ=μη/ε, where η and ε are the medium viscosity and the dielectric
constant, respectively. All samples were analyzed in polystyrene cuvettes
at 25 °C. The supplementary material showed the size distributions for
DPPC/DODAB LVs or BFs in the absence or in the presence of 10%
gramicidin (Fig. 1S).
2.5. Determination of the main phase transition for lipid bilayers from
Laurdan generalized polarization and DPH ﬂuorescence anisotropy
DPH dissolved in THF or Laurdan dissolved in ethanol were
incorporated in previously prepared LVs or BFs. A small aliquot
(less than 0.5% in volume) of a concentrated solution was added to
the dispersions, and incubated for 60 min at 60 °C. The molar ratio
probe:lipid was 1:800. The cuvette containing the dispersion was
placed inside a thermostated cell holder and the temperature was
varied at a constant rate of 0.3 °C/min by means of a circulating bath
connected to the cuvette holder. The temperature inside the cuvette
was determined by means of a Ni/Cr (+) and Ni/Al (−) thermocouple
in direct contact with the dispersion. The thermocouple was connected
to a digital thermometer. The gel-to-liquid-crystalline phase transition
of lipid vesicles (LVs) and bilayer fragments (BFs) was followed
ﬂuorimetrically by determining the ﬂuorescence anisotropy of DPH
and the generalized polarization of Laurdan as a function of tempera-
ture. The determination of the ﬂuorescence anisotropy of DPH (r) given
by r=(I//− I⊥)/(I//+2I⊥) was carried out as previously described [42]
in a spectroﬂuorimeter (K2, ISS Inc., Champaign, Il, USA) equippedwith
a L type set up and Glan Thompson prism polarizers in the excitation
and emission beams. Excitationwas performedwith a Xe arc lamp and a
monocromator set at 360 nm. Two cut-off ﬁlters, Schott KV-399 and
GG-420, were introduced into the path of the emission beam. Slits were
set at 5 nm (excitation) and 5 nm (emission). The position of Laurdan
ﬂuorescence spectra was evaluated from the ﬂuorescence intensities
measured at 490 and 440 nm. The position of the spectra was
characterized by the value of the generalized polarization param-
eter, GP, given by GP=(I440− I490) / (I440+ I490) [38]. Laurdan GP
was obtained at 360 nm as the excitation wavelength. The main
phase transition temperature (Tm) for each dispersion was deter-
mined from inﬂection points in the heating/cooling curves of
ﬂuorescence measurements as a function of temperature (Fig. 2S).
2.6. Determination of gramicidin optical and ﬂuorescence spectra
The UV–visible optical spectra of gramicidin in TFE, ethanol, LVs or
BFs were determined using a Diode Array Spectrophotometer Model
8452A from Hewlett Packard. Appropriate blanks were the lipiddispersion in absence of Gr, at the same lipid concentration of the
samplewith gramicidin. Theﬂuorescence emission spectra for gramicidin
in lipid dispersions were determined using a F4500 Fluorescence Hitachi
Spectroﬂuorimeter at λexc=280 nm. Slitswere set at 2.5 (excitation) and
2.5 nm (emission). All spectra were obtained at room temperature
(25 °C). The concentration of gramicidin was calculated from its molar
extinction coefﬁcient (ε) of 20,700 M−1 cm−1 at 280 nm [43].
2.7. Determination of gramicidin ﬂuorescence quenching by acrylamide
in different media
For the quenching experiments, a stock solution of acrylamide at
4 M was prepared in pure water. The quenching of Gr tryptophans in
four different media (TFE, ethanol, DPPC/DODAB/Gr LVs or BFs) was
evaluated from ﬂuorescence spectra over a range of acrylamide
concentrations (0–0.2 M). The excitation wavelength was set at
290 nm instead of 280 nm to reduce the absorbance by acrylamide
(see the acrylamide absorption spectrum in the supplementary
material as Fig. 3S). Fluorescence spectra were obtained (300–500 nm)
and their ﬂuorescence maxima intensity was obtained (F) and the ratio
Fo/F was calculated from Fo (the maximum of ﬂuorescence intensity in
the absence of quencher) and F and plotted as a function of acrylamide
concentration as previously described [44]. The Stern–Volmer equation
allowed the determination of Stern–Volmer quenching constants [44].
2.8. Determination of Gr incorporation in DPPC/DODAB bilayers by
ﬁltration through a polycarbonate membrane with 200 nm cut-off
LVs/Gr or BFs/Gr at 0.2 mM total lipid and 0.02 mMGr were ﬁltered
through polycarbonate membranes. Analytical determination of DPPC
in the dispersions before and afterﬁlteringwas performed as previously
described from inorganic phosphorus analysis [40]. Gr concentration in
the dispersions before and after ﬁltering was estimated from Gr
intrinsic ﬂuorescence spectra by determining the total area under the
spectra (A). The percentiles of Gr in the dispersions after ﬁltering were
estimated from:
%Gr ¼ 100 Aafter filtering=Abefore filtering:
The percentile of DPPC lipid in the ﬁltrate was calculated from:
%DPPC ¼ DPPC½ after filtering= DPPC½ before filtering:
2.9. Determination of the circular dichroism spectra
The CD measurements were carried out at room temperature
(25 °C) on a Jasco-720 Spectropolarimeter (Tokyo, Japan), which was
calibrated with (1)-10-camphorsulfonic acid. The spectra were scanned
in a quartz optical cell with a path length of 0.1 cm and in 0.5 nm
wavelength increments with a 4 s response and a bandwidth of 1 nm in
the far-UV range (200–280 nm) at 100 nm/min. Each spectrum is the
average of 5 scans with a full-scale sensitivity of 10 mdeg. All spectra
were corrected for background by subtraction of appropriate blanks such
as the lipid dispersion and the Gr solvent in absence of Gr. Spectra were
smoothed making sure that the overall shape of the spectrum remained
unaltered. The ellipticities [θ], in deg dmol−1 cm2, were plotted as a
function of wavelength.
2.10. Determination of the water and solute permeation through LVs/Gr
bilayer
The turbidity at 400 nm as a function of time after adding hypertonic
solutions of KCl or glucose to DPPC/DODAB 1:1 LVs or LVs/Gr dispersions
was recorded in aHitachiU2000Spectrophotometer at 25 °C. Appropriate
Table 2
The physical properties of DPPC/DODAB 1:1 LVs or BFs and DPPC/DODAB/Gr 45:45:10
LV or BF dispersions in 1 mM NaCl solution. The zeta-average diameter (Dz) and the
zeta-potential (ζ) are mean values±mean standard deviation. Tm was determined
from curves of diphenylhexatriene (DPH) or Laurdan ﬂuorescence as a function of
temperature (Fig. 2S, supplementary material). Final lipid plus peptide concentration
was 2 mM.
Dispersion Composition (mol%) Dz (nm) ζ (mV) Tm (°C)
DODAB DPPC Gramicidin Laurdan DPH
LVs 0 100 0 1530±20 – 40.5 41.5
100 0 0 260±3 56±3 44.8 44.0
50 50 0 495±5 88±2 54.1 54.1
45 45 10 545±2 82±2 55.4 55.7
BFs 0 100 0 – – –
100 0 0 79±1 41±2 45.1 45.5
50 50 0 64±2 42±1 55.4 55.5
45 45 10 145±2 66±2 57.1 57.1 300 320 340 360 380 400 420 440 460 480 500
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where the LVs or the LVs/Gr were prepared. The turbidities were
normalized to the initial value. The LV dispersion prepared in water
(0.5 mL) was added of the hypertonic KCl or glucose solution (0.5 mL),
rapidly homogenized and placed in the cuvette holder to start recording
turbidity at 400 nm as a function of time over 30 min. Final lipid
concentration was 1.0 mM.
2.11. Determination of the colloidal stability of dispersions
The DPPC/DODAB LVs were prepared by hydrating the ﬁlms with
15 mL of 1, 50 or 150 mM NaCl water solution and vortexing
dispersions at 70 °C until they became homogeneously dispersed. BF
dispersions were prepared from sonication of aliquots of these LV
dispersions. The ﬁnal lipid concentration was 2 mM for both dispersion
types. The colloidal stability was documented from photographs taken
at 0 and 24 h after dispersing the lipids.
3. Results
3.1. Effects of gramicidin on the physical properties of DPPC/DODAB LV or
BF dispersions
The temperature affected both the generalized polarization of
Laurdan (GP) sensing the bilayer microenvironment at the polar heads
region and the ﬂuorescence anisotropy of DPH (r) perceiving the
hydrophobic region of the bilayer (Fig. 2S). The main phase transition
took place at Tm as determined from the maximum value in modulus of
the ﬁrst derivative of the curves for GP or r as a function of temperature.
Tm values are shown in Table 2. Vesicleswith only one lipid type, DODAB
orDPPC exhibit lower Tm than thosewith both lipids at a 1:1 M (Table 2)
ratio as previously described [17]. The already high Tm for these mixed
bilayers, at 55.2 °C, further increased by about 2 °C in compositionswith
Gr (Table 2). Zeta-average diameter and zeta-potential for LVs or BFs
were also affected by 10%Gr. For LVs or BFs, Gr increased Dz (Table 2). InTable 3
Percentiles of DPPC or gramicidin concentration (%) in the ﬁltrate of BF/Gr or LV/Gr
dispersions. The cut-off of the polycarbonate membrane used for ﬁltering the dispersions
was 0.2 μm.
BFs/Gr LVs/Gr
Original dispersion Filtrate Original dispersion Filtrate
[DPPC]/mM 0.110 0.093 0.110 0.011
Area below the Gr
ﬂuorescence spectrum
6780 5688 3068 452
% [DPPC] in the ﬁltrate 85 10
% [Gr] in the ﬁltrate 84 15particular, for BFs, sizes doubled due to the presence of gramicidin.
Gr barely affects the LV zeta-potential which changes from 88±2 to
82±2 mV (Table 2). For BFs, a large increase in the zeta-potential
from 42±1 to 66±2 mV is obtained, consistent with the increase
of about 2 °C in Tm caused by the peptide (Table 2). Both results
suggest tighter bilayer packing for the BF/Gr dispersion in comparison to
the one for BFs. The increase in bilayer packing at the level of the
hydrocarbon chains would increase the mean phase transition temper-
ature of the bilayer and would also decrease the mean molecular area
per lipid at the bilayer surface thereby increasing the surface charge
density and the zeta-potential.
Gr ﬂuorescence was used to determine the incorporation of the
peptide in the DPPC/DODAB bilayers. After ﬁltering LVs/Gr the percentile
of [DPPC] in the ﬁltrate (% [DPPC]) is 10% whereas it is 85% after ﬁltering
BFs/Gr (Table 3). This is consistent with the cut-off of 200 nm for the
polycarbonatemembranewhich allows the passage of BFs/Gr but retains
the majority of LVs/Gr. Gr incorporation is evidenced by the percentiles0.00 0.05 0.10 0.15 0.20
0
1
Acrylamide concentration (M)
Fig. 2. Stern–Volmer plots for the Trpﬂuorescence quenching of gramicidin by acrylamide in
different media. Concentrations are 0.02 mM Gr and/or 0.2 mM total lipid (DPPC/DODAB
1:1 M ratio). Excitation wavelength is λexc=290 nm. Minimal quenching should take place
for Gr in TFE (a solvent that is not miscible withwater) whereas maximal quenching should
take place for ethanol. F and Fo are the ﬂuorescence intensity in the presence and in the
absence of acrylamide. The ﬂuorescence intensity at λmax was obtained from ﬂuorescence
emission spectra for each acrylamide concentration.
190 200 210 220 230 240 250 260
-10
-5
0
5
10
15
20
25
de
g*
cm
2 /d
m
ol
Wavelength (nm)
 Gr/LV
 Gr/BF
 Gr/EtOH
 Gr/TFE
Fig. 3. Far-UV CD spectra of gramicidin in different media at 25 °C. Final concentrations
are 0.02 mM Gr and 0.2 mM total lipid in DPPC/DODAB 1:1 LV or BF dispersions.
3068 C.A. Carvalho et al. / Biochimica et Biophysica Acta 1818 (2012) 3064–3071of Gr in the ﬁltrates: 84% for BFs/Gr and 15% for LVs/Gr (Fig. 4S). The Gr
peptide closely follows the lipids during the ﬁltration process. When the
lipids of LVs are retained by the ﬁltration membrane, Gr is also retained.
When the lipids of BFs are in the ﬁltrate, Gr also is.
The intrinsic ﬂuorescence of the tryptophan residues in Gr is also
valuable to ascertain the different microenvironments sensed by the
peptide. Fig. 1 shows the Gr ﬂuorescence spectra in ethanol, TFE, LVs
or BFs. In the presence of LVs, gramicidin tryptophans perceive a
microenvironment similar to the one provided by TFE whereas in BFs,
the Gr spectrum is more similar to the one for Gr in ethanol.
Consistently, the ﬂuorescence maximum for Gr in LVs was at 331 nm
whereas for Gr in BFs it was at 340 nm, again suggesting that a less
polar microenvironment was sensed by Gr in LVs than the one in BFs.
The accessibility of the Gr tryptophans to acrylamide increased
from TFE to LVs to BFs to ethanol (Fig. 2). This can be seen from the
Stern–Volmer quenching constants following the same order, namely,
2.9 (in TFE) to 3.9 (in LVs) to 4.4 (in BFs) and 18.9 M−1 (in ethanol)
(Fig. 2).
CD spectra show that Gr conformation substantially changes with
the environment (Fig. 3). In LVs, Gr spectrum is similar to the one in
TFE. In BFs, there are two peaks resembling those obtained in ethanol:
the negative peak at 230 nm and the positive peak at 194 nm (Fig. 3).
Therefore, in BFs, Gr conformation is similar to the one in ethanol and,
in LVs it is similar to the one in TFE. In the literature, the CD spectra
for Gr in ethanol are typical of Gr intertwining as ascribed to the190 200 210 220 230 240 250
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Fig. 4. Far-UV CD spectra of gramicidin in DPPC/DODAB 1:1 BFs as a functionnegative peak around 230 nm and the strong positive ellipticity
around 197 nm [45,46]. In BFs, Gr CD spectra show these two peaks.
These similarities in the CD spectra suggest that the Gr conformation
is the intertwined one. The CD spectra also agree with the intrinsic
ﬂuorescence data for Gr (Fig. 1). Both the Gr helix (Fig. 3) and the Gr
tryptophans (Fig. 1) perceive a less polar microenvironment in LVs
than the one in BFs.
Fig. 4 shows the effect of Gr concentration on CD spectra for Gr in
DPPC/DODAB BFs. The low positive peak around 220 nm ascribed to
the beta-helix remains practically unchanged with Gr concentration.
The height of the other two peaks around 195 and 230 nm displayed a
non-linear increase with Gr concentration from 6% Gr (Fig. 4, right).
These two peaks have been ascribed in the literature to the intertwined,
non channel Gr conformation [45,46]. On the other hand, at 10% Gr and
2 mM of total lipid, the size of BFs/Gr doubled in comparison to the
usual BF size (Table 2), consistently with BF aggregation induced by Gr.
Possibly, the aggregation between BF/Gr assemblies is mediated by
intertwined Gr oligomerization. The peptide is affecting the colloidal
stability of BFs and inducing BF aggregation.
Fig. 5 shows the colloidal stability of DPPC/DODAB LVs or BFs at
three different ionic strengths (1, 50 and 150 mM NaCl), 2 mM of
total lipid, 0.2 mM of Gr and 0 or 24 h after dispersing the lipids or the
lipids/Gr. LVs and LVs/Gr are more stable than BFs or BFs/Gr. Turbidity
of LVs or LVs/Gr at 50 or 150 mM NaCl was higher than the one at
1 mM NaCl. Gr clearly affected the LV or BF colloidal stability with
visible BF ﬂocculation from 150 mM NaCl. Flocculation was more
rapid for BFs than for LVs. One should notice that, for performing the
ﬂuorescence and CD experiments, the total lipid and peptide concen-
trations were 10 and 5 times lower, respectively, than those used for
determining the colloidal stability. The NaCl-induced coalescence of
DODAB bilayer fragments yielding large vesicles was ﬁrst described in
the eighties [47]. For the DPPC/DODAB BFs in high salt, the dispersion
looks more turbid and like a LV preparation (Fig. 5).
3.2. Gramicidin effects on the water/solute permeation through the
DPPC/DODAB LV bilayer
For the DPPC/DODAB 1:1 LV dispersions submitted to a ﬁnal
external concentration of 50 mM KCl or 100 mM glucose, the turbidity
at 400 nm increased as a function of time. This was due to LV shrinkage
caused by the water efﬂux in accordance to the solute gradient (Fig. 6).
On the right panel of Fig. 6, other kinetics obtained at lower osmotic
gradients (20 mMKCl or 40 mMD-glucose)were followed over 30 min
resulting in similar but slower kinetics of turbidity change. It was
previously reported for similar cationic LVs, that shrinkage corresponds
to an increase in turbidity as a function of time [47]. Therefore, the
DPPC/DODAB LV dispersion responded as expected to the hypertonic
external solutions. On the other hand, in the presence of 10% Gr, there0 2 4 6 8 10
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Fig. 5. Colloidal stability of DPPC/DODAB 1:1 LV or BF dispersions in 1, 50 or 150 mM
NaCl at pH 6.3 and 25 °C.
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time, suggesting a small swelling of LVs/Gr (Fig. 6). Gr behaves as a
channel that completely changes the normal permeability proﬁle of the
lipid bilayer. The usually low permeability of cations and solutes
through the DPPC/DODAB LV bilayer increases substantially in 10% Gr.
KCl or glucose entered from the outer to the inner vesicle compartment
carrying water and dissipating the solute concentration gradient to the
point of changing shrinkage to swelling (Fig. 6).
4. Discussion
Fluorescence and CD spectroscopy are very complementary ap-
proaches since they perceive the environment sensed by Gr at the
tryptophans and at the beta-helix levels, respectively. In BFs, the beta-
helices sense both thewater surrounding the BF hydrophobic edges and
the hydrophobic edges themselves. If Gr intertwining occurs, the CD
spectra further evidence the Gr oligomerization. The Gr conformations
in TFE, ethanol, DPPC/DODAB LVs and DPPC/DODAB BFs supported by
the data are summarized by Scheme 1.0 1 2 3 4 5
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Fig. 6. Turbidity kinetics for DPPC/DODAB LVs due to the establishment of KCl (●, ○) or gl
presence of 10% gramicidin at 1.0 mM lipid and 25 °C (○, Δ).The CD positive peak around 225 nm ascribed to Gr beta-helix
revealed the Gr channel conformation in the LV system (Fig. 3). In the
dimeric channel conformation of gramicidin, tryptophans are posi-
tioned at the membrane interface and maintain Gr fold and function
[5–7]. This position for the tryptophans is consistent with the apolar
medium they experience at the bilayer–water interface similar to the
one for Gr in TFE (Fig. 1). The intrinsic ﬂuorescence of gramicidin in
TFE and in the DPPC/DODAB 1:1 LV dispersions shows that the
tryptophans are in a apolar medium (Fig. 1). On the other hand, Gr
intrinsic ﬂuorescence in BF evidences that tryptophans are in a polar
medium similar to ethanol (Fig. 1). Consistently, the CD spectra also
suggest that Gr in the BFs/Gr dispersion is in the non-channel,
intertwined conformation that Gr usually assumes in ethanol (Fig. 3).
Gr intertwined conformation in BFs was further evidenced by Fig. 4,
where increasing Gr proportion at a given DPPC/DODAB concentration
over the 1–10% range of Gr concentrations substantially increases the
two peaks at 195 and 230 nm ascribed to the intertwining of peptide
molecules in a nonchannel conformation. In fact, for thepeak at 230 nm,
the increase in ellipticity with Gr concentration is not linear (Fig. 4,
right). A possible explanation for this result is the existence of two Gr
binding sites at the edges of bilayer fragments: 1) exposed hydrophobic
moieties of the lipids (at low Gr concentrations); 2) Gr adsorbed
molecules prone to intertwining and oligomerization with Gr available
from the bulk or from other BF/Gr assemblies.
The low colloidal stability of the DPPC/DODAB BF/Gr dispersion in
comparison to the DPPC/DODAB LVs/Gr dispersion (Fig. 5) also suggests
that the aggregation of BF/Gr assemblies is being mediated by the
intertwining that assembles two previously separated bilayer fragments
carrying their peptides. It was previously reported that only 2% of the
gramicidin population in ethanol is found as monomers [48] whereas in
TFE the percentage of monomeric Gr approached 100% [46]. Nonpolar
hydrophobic gramicidin molecules associate with one another via
hydrogen bonding in conformations that offer the smallest area possible
towatermolecules. Despite theGr attachment to thehydrophobic edges
of the bilayer fragments, Gr at the BF borders remains prone to further
minimization of its area exposed to thewater phase by intertwining and
oligomerization (Figs. 3 and 4).
The DPPC/DODAB 1:1 LVs with about 500 nm of mean diameter
(Table 2) follow the Joebst law for light-scattering of particles with
sizes similar to the one of the incident light (400 nm). The inﬂuence
of vesicles shrinking or swelling on the turbidity is well described by
the Joebst equation which is a limiting form of the Rayleigh–Gans
approximation for large spherical particles [49]. This equation states
that the turbidity of particles in dispersion increases with 1/R2 where
R is the mean particle radius. Thus LV shrinkage upon adding a0 5 10 15 20 25 30
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ucose osmotic gradients through the LV bilayer (▲, Δ) in the absence (●, ▲) or in the
Scheme 1. Schematic representation of gramicidin D conformations in different media: TFE, ethanol, DPPC/DODAB 1:1 LVs or BFs. Evidences for the dimeric channel conformation in
LVs were CD spectra for Gr similar to those in TFE (Figs. 3, 4), intrinsic ﬂuorescence of Gr more similar to the one in TFE than the one in ethanol (Fig. 1) and KCl or glucose
permeation through the LVs/Gr bilayer (Fig. 6). Evidences for the intertwined dimeric conformation were CD spectra for Gr more similar to those in ethanol than in TFE (Figs. 3, 4)
and intrinsic ﬂuorescence of Gr similar to the one in ethanol (Fig. 1).
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turbidity increase as a function of time indeed observed in Fig. 6.
The LV/Gr bilayer is less selective to solutes such as KCl and
glucose than the LV bilayer (Fig. 6). This is consistent with previous
data in the literature for egg phosphatidylcholine (PC) membranes.
Molecules as p-methyl-hippuric acid and derivatives exhibit perme-
ability coefﬁcients which are 2–8 fold larger in Gr A-containing egg PC
bilayers than in PC bilayers without Gr [50]. Furthermore, there is a
4-fold larger permeability for glucose across GrA-containing egg-PC
membranes in comparison to GrA-free egg-PC membranes [51].
The quenching experiments revealed that the quencher does not
reach Gr in TFE simply because acrylamide is not soluble in TFE. In
TFE, the lowest Stern–Volmer constant is obtained (Fig. 2). In ethanol,
acrylamide quenches completely the Gr ﬂuorescence yielding the
highest Stern–Volmer constant (Fig. 2). In the bilayer dispersions, Gr
ﬂuorescence quenching was slightly higher than the one in TFE
suggesting the higher accessibility of the quencher to suppress Gr
ﬂuorescence in the BF bilayers. The comparison between BFs/Gr and
LVs/Gr regarding the suppression of ﬂuorescence by acrylamide suggests
that Gr is more available to the quencher in BFs than in LVs in accordance
with the hypothesis that Gr would be located at the border of the bilayer
fragments. In the literature, a tryptophan ﬂuorescence study of the
interaction between a water soluble peptide (penetratin) and model
membranes reported Stern–Volmer constants very similar to the ones in
Fig. 2 [52]. In buffer, suppression of penetratinﬂuorescence by acrylamide
was high (Ksv=14.0 M−1) [52] and similar to ours for Gr in ethanol
(Ksv=18.9 M−1). For penetratin incorporated in phospholipid vesicles
Ksv was reduced to 3.0–5.8 M−1 whereas for Gr in DPPC/DODAB bilayers
it is reduced to 3.9 (LVs) and 4.4 M−1 (BFs). Therefore, the bilayer indeed
protects the peptide against quenching by acrylamide in both cases.
In the literature, the existence of hydrophobic edges in BFs was
shown from the incorporation of hydrophobic drugs [53]. Amphotericin
B optical spectra in BFs are similar to those for the drug in good organic
solvents [54]. This solubilisation does not take place for closed bilayer
vesicles of similar lipid composition [54]. Similarly, BFs are suitable for
incorporation of gramicidin, a hydrophobic peptide.
5. Conclusions
Gr in DPPC/DODAB 1:1 LVs is found in the channel conformation
whereas Gr in DPPC/DODAB 1:1 BFs is in the non-channel, intertwined
conformation. Evidences for the dimeric channel conformation in LVs
are theGr CD spectra similar to those in TFE, theGr intrinsic ﬂuorescence
similar to the one in TFE and the Gr-induced permeation of glucose or
KCl through the LV/Gr bilayer. Evidences for the intertwined dimeric
conformation in BFs are the Gr CD spectra and the Gr intrinsic
ﬂuorescence, both similar to those in ethanol. In spite of the tightlypacked nature of the DPPC/DODAB bilayer, Gr insertion developed
functional dimeric channels that modiﬁed solute permeability through
the bilayer.
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